An increased dependency on glycolysis for ATP production is considered to be a hallmark of tumor cells. Whether this increase in glycolytic activity is due mainly to inherent metabolic alterations or to the hypoxic microenvironment remains controversial. Here we have transformed human adult mesenchymal stem cells (MSC) using genetic alterations as described for differentiated cells. Our data suggest that MSC require disruption of the same pathways as have been shown for differentiated cells to confer a fully transformed phenotype. Furthermore, we found that MSC are more glycolytic than primary human fibroblasts and, in contrast to differentiated cells, do not depend on increased aerobic glycolysis for ATP production during transformation. These data indicate that aerobic glycolysis (the Warburg effect) is not an intrinsic component of the transformation of adult stem cells, and that oncogenic adaptation to bioenergetic requirements, in some circumstances, may also rely on increases in oxidative phosphorylation. We did find, however, a reversible increase in the transcription of glycolytic enzymes in tumors generated by transformed MSC, indicating this is a secondary phenomenon resulting from adaptation of the tumor to its microenvironment. adult stem cells ͉ glycolysis ͉ Warburg effect
I
t has long been considered that aerobic glycolysis is an intrinsic component of the malignant phenotype (1, 2) . This view has been challenged over the years (3) (4) (5) (6) , and it remains contentious whether the increased glycolysis in cancer cells is primarily the result of transformation events or due to the hypoxic tumor microenvironment (4) . However, the recent observation that p53 Ϫ/Ϫ mice exhibit impaired mitochondrial respiration (7) and the identification of a novel p53-inducible regulator of glycolysis (8) suggest a possible link between a common genetic event in human cancer and the Warburg effect.
Most experimental models of cell transformation use murine or human adult differentiated cells. Previous work has shown that in vitro transformation of human differentiated cells depends upon the disruption of a limited number of regulatory pathways, including the maintenance of telomeres to confer lifespan extension, the disruption of the p53 and pRB tumor suppressor pathways, and the activation of oncogenes such as c-Myc and H-Ras allowing independence from mitogenic stimuli (9) (10) (11) . Recent evidence, however, suggests that cancer is derived from tissue-specific precursor or stem cells (12) (13) (14) . The transformation of such cells is therefore postulated to be a prerequisite for the development of most human malignancies (12, 15) . We have now studied the transformation of mesenchymal stem cells (MSC) to test the hypothesis that adult stem cells might require fewer genetic alterations to be transformed in vitro compared with adult differentiated cells (16) and to determine whether the metabolic alterations that occur during MSC transformation differ from those reported in adult differentiated human cells (17) .
Results
Transformation of Human MSC. Tissue-specific MSC, or mesenchymal precursor cells, are thought to be the cell of origin for various types of sarcoma (18) . We therefore used human primary MSC isolated from bone marrow of a healthy donor. These cells showed the expected cell surface marker profile (Fig. 1A) , and their multipotency was confirmed by differentiation to adipocytes, osteocytes, and chondrocytes (Fig. 1B) . We used retroviruses encoding for the catalytic subunit of human telomerase (hTERT), HPV-16 E6 and E7, SV40 small T antigen (ST), and an oncogenic allele of H-Ras (H-Ras V12 ) to induce transformation (9, 19, 20) . Fig. 2A shows our experimental approach to transforming MSC, although various sequential combinations of these oncogenic steps or ''hits'' were also tested. In vitro, MSC have a limited proliferative potential, therefore the ectopic expression of hTERT is necessary to extend their lifespan in culture (data not shown). HPV-16 E6 and E7 abrogate the functions of p53 and pRB family members, respectively; ST inactivates protein phosphatase 2A, resulting in c-Myc stabilization (20, 21) ; and H-Ras V12 provides acquisition of a constitutive mitogenic signal. The expression of introduced oncogenes or their downstream targets was confirmed by RT-PCR (data not shown), Western blot (Fig. 2B) , or gene expression microarrays (GEM) [supporting information (SI) Fig. 6 ]. GEM analyses also showed that perturbation of these five pathways in MSC stepwise transformation elicited changes frequently associated with human tumor cells (22) (SI Fig. 7 ).
Anchorage-independent growth was tested by growing cells in soft agarose. Cells transduced with hTERT, E6, E7, and ST (4 hits) formed small colonies by day 12, whereas the addition of H-Ras V12 (5 hits) induced rapidly growing large colonies ( Fig. 2C and Table 1 ). The combination of hTERT, E6, E7, and H-Ras V12 (4* hits) did not induce colonies after 12 days in culture.
However, after 4 weeks, all cells expressing E7 showed colony formation in soft agarose (data not shown). This suggests that disruption of the pRB pathway is sufficient to induce anchorageindependent growth in MSC. Next, we tested the growth of the transduced MSC in immunodeficient mice. Nearly all mice inoculated with MSC transduced with 5 hits developed tumors ( Fig. 2D and Table 1 ). The 4* hits cell line gave rise to tumors in 2/10 inoculation sites with a significantly longer latency than that of the 5-hits cell line ( Table 1 ), suggesting that additional mutations might have occurred during in vivo growth of these cells. Our data indicate that the same genetic steps are required in MSC as in differentiated cells to confer a fully transformed phenotype.
The phenotype of the tumors originating from the 5-hits cell line was confirmed by comparing their GEM profiles to those of 96 different human sarcomas using a subset of genes previously identified as a molecular fingerprint for sarcoma (23) . Multidimensional scaling demonstrated that the tumors generated in mice from MSC all cluster with the spindle-cell sarcoma group (Fig. 2E) , implying that the in vitro transformation of MSC is a relevant model for human sarcoma. The tumors did not show evidence of differentiation toward other mesenchymal lineages (Fig. 2E ).
Next, we tested the effects of transformation on MSC multipotency. All MSC lines, including transformed MSC (5 hits), still expressed the MSC-associated markers SH2, SH4, and Stro-1 but not CD45 or CD34 (data not shown and SI Fig. 8A ). Furthermore, transformed MSC maintained their ability to undergo differentiation toward adipocytes (SI Fig. 8B ) and chondrocytes (SI Fig. 8C ), albeit less efficiently than primary MSC. The rapid proliferation of transformed cells, however, prevented us from determining the efficiency of differentiation toward osteocytes. These data suggest that transformation by itself does not completely abrogate the multipotency of MSC.
Bioenergetic Changes During in Vitro Transformation. To investigate the effects of stepwise transformation on metabolic pathways, we generated a list of genes known to play a role in cell metabolism (SI Table 3 ) and analyzed GEM data using only these probes. SI Table 1 The number of colonies (Ϯ standard deviation) after 12 days in culture is shown. Cell lines expressing only E6, only E7, or E6 and E7 did not give rise to colonies in soft agarose or to tumors when inoculated into nude mice (data not shown). NA, not applicable.
glycolytic-, pentose phosphate-(PPP), and nucleotide synthesis pathways, and the TCA cycle. During transformation, the expression profile of glycolytic genes was not significantly altered between MSC and transformed cells (5 hits, P ϭ 0.27), whereas genes in the TCA cycle showed a trend toward up-regulation (P ϭ 0.11). The overall expression profile of genes in the PPP was significantly down-regulated (P ϭ 0.0039), whereas genes involved in nucleotide biosynthesis were highly up-regulated (P Ͻ 0.0001).
We next used functional assays to explore the array data. After MSC 5 hits, there was an apparent increase in both glucose uptake and production of lactate, the end product of glycolysis (data not shown). However, the proliferative rate in MSC varies depending on the number of hits (Fig. 3A) , and the total concentration of glucose and lactate was clearly related to cell proliferation. When corrected for cell number, there was, in fact, a significant decrease in both glucose uptake and lactate production when compared with parental MSC (Fig. 3B) . Because this was an unexpected result, we repeated the experiments with human fibroblasts (HF). When HF were transformed using the same oncogenic elements (SI Fig. 10 ), we observed that both glucose uptake and lactate production were increased compared with that in parental fibroblasts (Fig. 3B) . This is in agreement with data reporting that expression of cancer-causing genes in HF increased their dependency on glycolysis for energy production (17) .
Next, we compared the contribution of both the mitochondrial and glycolytic pathways to total ATP production in transformed MSC and HF. The inhibition of mitochondrial respiration by rotenone significantly decreased ATP production in 5 hits MSC, but not in primary MSC (Table 2 ). This indicates that transformed MSC depend more than primary MSC on oxidative phosphorylation for energy production and contrasts with HF, which depend less on oxidative phosphorylation after transformation. Moreover, transformed HF were more sensitive to glycolysis inhibition by 2-deoxy-D-glucose (2-DG) than parental fibroblasts, whereas both MSC lines were equally affected by the addition of 2-DG.
Role of PPP in Transformed MSC. Glucose can also be used by the PPP for the generation of NADPH for reductive biosynthesis or for the formation of ribose-5-phosphate (R-5-P) for the synthesis of nucleotides and nucleic acids. Confirming the GEM data for the metabolism of glucose by the PPP (SI Fig. 9 ), we found that the activity and protein expression of the rate-limiting glucose-6-phosphate dehydrogenase (G6PD) were down-regulated at the late stages of MSC transformation (Fig. 4A) . We also observed a down-regulation of enzymes such as 6-phosphogluconate dehydrogenase, transketolase, and transaldolase (SI Fig. 9 and qRT-PCR, data not shown). In contrast to reports in differentiated mammalian cells (24) , increased proliferation and transformation of MSC did not lead to up-regulation of the PPP. Although G6PD activity was reduced, the general trend of the pathway, however, was toward an increased synthesis of nucleotides (SI Fig. 9 ). We observed an up-regulation of ribose 5-phosphate isomerase A (RPIA) (SI Fig. 9 and qRT-PCR; data not shown), which produces R-5-P and leads to an increase in enzymes involved in DNA synthesis such as phosphoribosylpyrophosphate synthetase (PRPS) (SI Fig. 9 and Fig. 4A ). MSC also showed a significant drop in NADPH levels correlating with an increase in cell proliferation after the introduction of E7 (2 hits) (Figs. 3A and 4B) . In transformed MSC, the PPP, therefore, could be operating to generate mainly R-5-P for nucleotide synthesis and not to produce the intracellular reductant NADPH.
Bioenergetic Changes During in Vivo Tumor Growth. Because monolayer cultures of cells transformed in vitro do not reflect the 3D cellular growth of a tumor in vivo (25), we next compared the gene expression profiles of the tumors generated in vivo to those of the transduced cells. Strikingly, there was a general induction of glycolytic genes and an overall down-regulation of those in the TCA cycle in these tumors (Fig. 5A ). In the PPP, no difference in gene expression between mouse tumors and in vitro transformed MSC was seen (data not shown).
In vivo, glycolysis could be a result of the hypoxic activation of hypoxia-inducible transcription factor 1␣ (HIF-1␣) (26, 27) . In mouse tumors, the GEM data showed an increase in HIF-1␣ -dependent genes such as glucose transporter 1 (SLC2A1 or GLUT1), carbonic anhydrase IX (CAIX), and VEGF ( Fig. 5 A  and B) . We confirmed that GLUT1 is expressed in the central necrotic areas of the mouse tumors (Fig. 5C ), but not, however, in well vascularized tumors (data not shown). We therefore investigated whether in vitro hypoxia induces the expression of glycolytic and hypoxia-related proteins in transformed MSC. Western blots confirmed HIF-1␣ stabilization in these cells at 1% O 2 and an increased expression of glycolytic enzymes, compared with normoxia (Fig. 5D) . This was reversed when the cells were reexposed to 21% O 2 (Fig. 5D) . Furthermore, we observed a significant increase in glucose uptake (P Ͻ 0.005, t test) when parental MSC and those with 5 hits were exposed to hypoxia (Fig. 5E ).
To test whether this glycolytic switch observed in vivo was reversible, cells obtained from mouse tumors were cultured for 3 weeks at 21% O 2 and assayed for glucose uptake and lactate release. The explanted cells consumed similar levels of glucose and produced amounts of lactate similar to those observed in in vitro transformed MSC (5 hits) (Fig. 5F ). Furthermore, ATP production after treatment with rotenone and 2-DG was similar in explanted cells compared with 5 hits (data not shown), suggesting that the tumors generated in mice reversed their glycolytic phenotype when explanted and grown in culture.
Discussion
We have shown that transformation of MSC requires the alteration of the same pathways described for differentiated adult cells and in itself does not completely abrogate their multipotency. Furthermore, during transformation, MSC not only do not switch to aerobic glycolysis, but their dependency on oxidative phosphorylation is increased.
It has been proposed that the intrinsic properties of normal adult stem cells might result in a requirement for fewer or different steps than differentiated cells to acquire a transformed phenotype (16) . Moreover, it has been reported that spontaneous transformation of primary and telomerase-immortalized MSC isolated from adipose tissue and bone marrow occurs after long-term culture in vitro (28, 29) . However, our data indicate that MSC require the same number of steps to achieve transformation as have been shown for differentiated cells, suggesting that properties of self-renewal and multipotency might not necessarily assist in the transformation process. This discrepancy with the previous reports could be due to the different origin of the MSC samples such as tissue or donor or to the different culture conditions, including the longer periods of in vitro growth that could make these cells more prone to developing spontaneous mutations.
Various factors have been suggested to contribute to the glycolytic switch occurring in differentiated cells during transformation. These include inhibition of oxidative phosphorylation due to defects in mitochondrial DNA (30) or a dysfunctional TCA cycle (31) , the activation of various oncogenes and tyrosine kinase pathways including c-Myc (32), Ras (17, 33) , SRC (33) , and AKT (2), the inactivation of p53 (7, 8) and a low-oxygen tumor microenvironment, resulting in the activation of hypoxiainducible transcription factors (26, 27) . Our results suggest that these changes might be cell-specific, and that MSC do not respond to transformation by an increased cell dependency on glycolysis as differentiated cells do. It is likely that some cells may adapt to neoplastic transformation by increasing their dependency on oxidative phosphorylation (34) .
We observed a clear increase in glycolysis and in the expression of glycolytic enzymes only when transformed MSC were grown as tumors in mice, or when the cells were exposed to a hypoxic environment in vitro. These changes were reversible and did not occur in highly vascularized tumors, indicating they are adaptive and depended on the hypoxic environment. Whether this glycolytic switch is always reversible, or whether at some point these changes become a permanent component of the neoplastic transformation, as was suggested many years ago (35), remains to be investigated. Contrary to reports suggesting that G6PD is increased in human cancer (36) and could play a role in cell transformation (37), our transformed MSC showed a decrease in G6PD levels and activity. However, there was a clear shunting of the pathway toward R-5-P and the synthesis of nucleotides, as shown by the increase in RPIA and PRPS. This occurred in the presence of decreased amounts of NADPH. Because a decrease in NADPH would affect the synthesis of the antioxidant glutathione, this might contribute to the well documented increase in reactive oxygen species and the prooxidant nature of cancer cells (38) . It is worth noting that, in spite of the fact that G6PD levels remained high after 2 and 3 hits (Fig. 4A) , the concentrations of the NADPH were significantly reduced (Fig. 4B) at these stages. This could be explained by the increased consumption of NADPH required to support the increased cell proliferation observed. This requires further investigation.
Our results indicate that the transformation of human adult stem cells such as MSC leads to different bioenergetic changes from those of differentiated cells. If adult tissue-specific stem cells are the origin of most cancers (13) , then the assumption that aerobic glycolysis is part of the neoplastic transformation needs to be critically reviewed. The well known increase in glucose uptake in tumors (5, 39) may, in fact, be explained by the enhanced cell proliferation and the response to hypoxia, acting in concert. Our observations should now be extended to other putative cancer stem cells, to establish their dependency on glycolysis and the bioenergetic changes occurring during transformation.
Experimental Procedures MSC Isolation, Phenotype, and Cell Culture. Bone marrow mononuclear cells derived from a healthy 34-year-old male donor were isolated by density gradient centrifugation (Ficoll, Amersham Biosciences, Bucks, U.K.) and resuspended in Mesencult medium containing 10% human serum (StemCell Technologies, Vancouver, Canada; catalog nos. 05401 and 05402) and 1 ng⅐ml Ϫ1 basic fibroblast growth factor (R&D Systems, Minneapolis, MN; catalog no. 233-FB). Two days after plating, nonadherent cells were removed and fresh medium added. MSC colonies formed after plating were designated as passage 0 and maintained in this medium. Cells were kept at subconfluent levels and passaged every 3 days, with the first passage occurring at approximately day 7 after isolation.
For immunophenotyping of MSC, samples were incubated with the following antibodies: anti FITC SH2 and SH4 (Stem Cell Technologies), anti-PECy7 CD45 and anti-APC CD34 (Pharmingen, San Diego, CA), Stro-1 (R&D Systems), and PE anti-mouse IgM (Caltag, CA). Ten thousand events from the alive gate were collected in a FACS Calibur instrument (BD Biosciences, San Jose, CA) equipped with 488-and 635-nm lines. Data were analyzed by using CellQuest V software. Dead cells were excluded from the analysis by using propidium iodide or 7-amino-actinomycin D.
Retrovirus production and infection of target cells were carried out as described (40) . The retroviral vectors used were: pMarX IV -hygro-eGFP, pBABE-puro-EST2 (hTERT), pLXSNneo-E6, pLXSN-neo-E7, pLXSN-neo-E6E7, pBABE-zeo-ST, and pWZL-hygro-Ras V12 [from D. Beach (Institute for Cell and Molecular Sciences, London, U.K.) and R. Weinberg (Whitehead Institute for Biomedical Research, Cambridge, MA)]. Retroviral constructs were introduced serially, and drug selection was used to purify cell populations between infections. Cells were selected in puromycin (1 g⅐ml Ϫ1 ), neomycin (300 g⅐ml Ϫ1 ), zeocin (50 g⅐ml Ϫ1 ), or hygromycin (100 g⅐ml Ϫ1 ), respectively. Retroviral vectors carrying only drug-resistant genes were also used as controls. Alternatively, retroviral supernatants were produced by cotransfection of 293gp cells (Clontech, Saint-Germain-en-Laye, France) with retroviral plasmids and pMDG (encodes VSVG envelope protein) using lipofectamine (Invitrogen, Paisley, U.K.).
Hypoxia (1% oxygen) was achieved by incubation of the cells at 37°C in an oxygen-controlled hypoxic chamber (Coy Laboratory Products, Ann Arbor, MI) for 2, 24, 48, and 72 h.
HF and the packaging cell line LinX-A (provided by D. Beach) were grown in DMEM (Gibco, Invitrogen, Paisley, U.K.) supplemented with 10% FCS.
Adipogenic, osteogenic, and chondrogenic differentiation protocols are explained in SI Materials and Methods.
Transformation Assays. Anchorage-independent growth was assayed by soft agarose assays. After selection with the appropriate drugs, 10 4 cells were transferred to 2 ml of medium solution (without basic fibroblast growth factor) of 0.35% low melting point agarose (Sigma, St. Louis, MO) and seeded in triplicate into six-well plates containing a 2-ml layer of solidified 0.6% agarose in medium. Fresh medium was added every 3 days and colonies photographed at ϫ40 magnification after 12 days in culture. For tumor formation assays, 5 ϫ 10 6 cells were injected s.c. into both flanks of 6-to 8-week-old athymic CD1 nude mice (Charles River Breeding Laboratories, Wilmington, MA). Mice were culled either when at least one of the tumors reached a diameter of 1.5 cm or 6 months after inoculation. At this point, in some experiments, explanted tumors were incubated with medium containing collagenase (1 mg⅐ml Ϫ1 ; GIBCO) for 4 h, washed, and placed in culture under hygromycin selection.
Western Blotting. The following antibodies were used for Western blotting: sc-126 (DO-1) for p53, sc-56 (PC10) for PCNA, sc-35 (259) for H-Ras, sc-148 (Pab 108) for SV40 ST antigen, sc-17253 (N-19) for CAIX, sc-6521 (C-14) for HK II (all from Santa Cruz, Santa Cruz, CA); Ab-1 for actin (from Oncogene, Cambridge, MA); BL341 for G6PD (from Bethyl, Montgomery, TX); AP7061a antibody for PRPS1/2/3 (from Abgent); ab1932 for GLUT1 (from Abcam, Cambridge, U.K.). RAD50 and HIF1-␣ antibodies were both from BD Biosciences, San Diego, CA (catalog nos. 611010 and 610958, respectively).
Glucose and Lactate Measurement. Cell lines were plated in six-well dishes (4 ϫ 10 4 cells per well), and the next day fresh medium was added and cells were incubated for 3 additional days (24, 48 , and 72 h). Medium samples were collected each day and stored at Ϫ20°C until they were assayed. Glucose and lactate were measured using commercial kits from Sigma and Trinity Biotech (County Wicklow, Ireland), respectively. Each day, cells were counted, and the results from glucose and lactate experiments were corrected and expressed as mM per 10 5 cells. Results plotted were obtained after 48 h and are representative of at least three different experiments.
Glucose 6-Phosphate Dehydrogenase Activity. The activity of glucose 6-phosphate dehydrogenase in cell extracts was measured following the manufacturer's instructions (Trinity Biotech). Results from three independent experiments were corrected per milligram of protein and represented as a percentage of the activity in primary MSC.
NADPH. NADPH determination was carried out as described (41) . Results from three independent experiments were corrected per protein content of each sample.
